Introduction
The synthesis, structure, reactivity and properties of transition metal hydrosulfido complexes has experienced an outstanding growth in recent years mainly owing to the relationships existing between the coordination chemistry of hydrosulfido metal complexes and bioinorganic chemistry, geochemistry and catalysis.
[1] Interest in hydrosulfido complexes arise from their relevance to metalloenzymes containing S-H functionalities in their active site, [2] the involvement in important mineralogical and geochemical transformations, [3] and their role in the catalytic hydrodesulfurization (HDS) of fossil fuels. [4] Hydrosulfido metal complexes are also suitable building blocks for the synthesis of hydrosulfido-and sulfido-bridged polynuclear complexes and clusters because of the residual electron-donor ability of the M-S-H functionality. In fact, the rational synthesis of transition metal sulfido clusters with the desired metal-sulfur composition can be accomplished by using this versatile synthetic methodology. [5] We have reported the application of mononuclear bis(hydrosulfido) titanium and zirconium complexes, [ [7] and heterotetranuclear [TiM 3 ] (M = Rh, Ir) [8] d 0 -d 8 sulfido-bridged complexes with incomplete cubane structures, and some unexpected [Ti 2 Rh 4 ] oxosulfido titanium-rhodium clusters with incomplete doubly-fused cubane structure. [9] In the same way, Hidai and co-workers have met success in the application of bis(hydrosulfido)-briged dinuclear M (III) complexes [(Cp * MCl) 2 (µ 2 -SH) 2 ] (M = Ru, Rh, Ir) for the synthesis of tri-and pentanuclear heterometallic clusters with the cores M'M 2 (µ 3 -S) 2 and M'M 4 (µ 3 -S) 4 , [10] and cubano-type homometallic clusters M 4 (µ 3 -S) 4 [11] through condensation processes involving HCl elimination.
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In searching for new precursors for the controlled synthesis of mixed-metal sulfido clusters, we thought about the potential of bis(hydrosulfido)-bridged dinuclear rhodium and iridium (I) complexes [M(µ-SH)L 2 ] 2 . We were very much surprised to discover that, to best of our knowledge, the only reported example was the complex [Rh(µ-SH)(dippe)] 2 (dippe = 1,2-bis(di-isopropylphosphine)ethane), described and structurally characterized by Jones and coworkers in 2004. [12] This fact is in sharp contrast with the large number of alkyl-, aryl-and functionalized bis(thiolato)-bridged dinuclear rhodium and iridium complexes with a diversity of auxiliary ligands such as [M(µ-SR)L 2 ] 2 (L 2 = diolefin, (CO) 2 , (CO)(PR 3 ), (PR 3 ) 2 ), and [M(µ-SR)(CO)(µ-diphos)] 2 (M = Rh, Ir).
[13] Noteworthy, several low valent homo-and heterodinuclear bis(hydrosulfido)-bridged dinuclear transition metal complexes have been reported, as for example, [{M(CO) n } 2 (µ-SH) 2 ] (M = Mn, W, n = 4; M = Fe, n = 3). [14] In addition, some rhodium homo-and heterodinuclear complexes as [{RhHCl(PPh 3 ) 2 } 2 (µ-SH) 2 ], [15] [{(triphos)RhH} 2 (µ-SH) 2 ][BPh 4 ] 2 , [16] [(dppe)M(µ-SH) 2 Rh(PPh 3 ) 2 ] (M = Pd, Pt) [17] and [Cp 2 Mo(µ-SH) 2 [19] On the other hand, it is well known that the 48-electron hydrido-sulfido clusters [M 3 (µ-H) have also proven to be unsuccessful as the trinuclear hydrido-sulfido clusters were generally formed. [21] We report herein on the synthesis and characterization of bis(hydrosulfido)-bridged rhodium(I) complexes, [Rh(µ-SH) (Scheme 1). The compound has been fully characterized by elemental analysis, FAB mass spectra and NMR. In addition, the molecular structure of compound 1 has been determined by X-ray and shows a bent structure with the hydrosulfido ligands adopting a syn-endo conformation ( Figure 1 ).
The spectroscopic data for 1 are in accordance with the C 2v structure found in the solid state.
Thus, a singlet resonance at δ 0.47 ppm was observed for the equivalent hydrosulfido ligands in the 1 H NMR spectrum in C 6 D 6 and a slightly broad doublet centered at δ 117.2 ppm (J(Rh,P) = 283 Hz) for the equivalent triphenylphosphite ligands in the 31 P NMR, as a consequence of smaller 2 J(Rh,P) (≈ 3Hz) and 3 J(P,P) (≈ 15 and 8 Hz) couplings. [7c] The 1 H NMR spectrum in [D 8 ]-toluene at 223 K evidenced the broadening of the SH resonance (δ 0.39 ppm) which is probably a consequence of the partial freezing of the expected synendo/syn-exo interconversion operating at RT. [13c, 22] In addition, the intensity of the SH resonance diminished when CD 3 OD was added to a solution of the compound in C 6 D 6 (H/D exchange) which is indicative of the slightly acidic character of the hydrosulfido ligands in 1. (Table 1) . Thus, the hydrido ligand bridges the rhodium atoms with the smaller (J(Rh,P) coupling constant (P A and P B ) and, as expected, the largest J(P,P) were observed between the PPh 3 ligands exhibiting a relative trans disposition (P A -P B and P C -P A ). 
Reaction of [Rh(acac)(CO)(PR 3 )] (R = Cy, Ph) with H 2 S(g).

] (3).
Molecular drawings taking account of displacement ellipsoids are represented in figures 1 and 4; the most relevant bond distances and angles are collected in tables 2 and 3. Data concerning the crystallographic structural analysis are included in Table 4 .
Complex 1 shows a dinuclear molecular structure having two identical 'Rh{P(OPh) 3 } 2 '
moieties connected by a bent symmetrical bis(hydrosulfido) bridge. Both Rh I metals exhibit distorted square-planar coordination environments with an interplanar angle of 133.18(3)º. A similar hinge angle has been observed (136.0º) in the 1,2-bis(di-isopropylphosphine)ethane)
, where the preference of sulfur to pyramidalize and the presence of a weak metal-metal interaction (Rh-Rh 3.28 Å) have been suggested to rationalize the bent geometry. [12] The Rh … Rh separation in 1, 3.2484(5) Å, excludes any but the weakest intermetallic interaction. Major distortions of the metal coordination planes obviously arise from the cis disposition of the bridging ligands (mean bond angle 78.36(3)º). Although statistically significant, the minor differences observed in the Rh-P and Rh-S bond distances agree to consider an almost perfect C 2v symmetry. The quality of the structural analysis has allowed to identify a syn-endo conformation for the two bridging SH ligands.
The trinuclear complex 3 exhibits an asymmetric triangular metal core with two triply bridging sulfido ligands, at both sides of the Rh 3 plane, connecting three identical 'Rh(CO)(PCy 3 )' moieties. An additional hydrido ligand bridges two metals (Rh(1)-Rh (3) 2.8418(11) Å) making this intermetallic distance the shortest and potentially indicative of the presence of a metal-metal bond; most likely, the steric interactions between the two bulky phosphines, in a relative cis disposition between Rh(2) and Rh(1), make this separation the longest (3.2681(11) Å). The third intermetallic separation, Rh(2)-Rh (3), is intermediate to the other ones (3.0900(11) Å). Each metal centre additionally coordinates a terminal carbonyl and a tricyclohexylphosphine. As inferred from NMR data, the two phosphines bonded at Rh (1) and Rh(3) occupy relative pseudo-trans dispositions (P-Rh-Rh-P torsion angle 122.16(11)º), as well as those bonded to Rh(2) and Rh (3) (torsion 114.45 (11)), while those linked to Rh (1) and Rh(2) exhibit a clear pseudo-cis relative situation (P(1)-Rh(1)-Rh(2)-P(2) 16.23 (14) Monitoring of a solution of 4 in C 6 D 6 at room temperature showed evidence for the slow disappearance of 4 and the formation of the hydrido-sulfido cluster [Rh 3 (µ-H)(µ 3 -S) 2 (CO) 3 (PPh 3 ) 3 ] (5) along with H 2 S that was observed as a singlet at δ 0.20 ppm in the 1 H NMR spectrum. This is a clean and rather slow transformation since a 70% of conversion was Figure 5a . The 1/[4] vs t representation ( Figure 5b ) provided a linear fit that is representative of a second-order kinetic transformation with the slope of the line corresponding to the second-order rate constant k (Lmol -1 h -1 ). [23] The temperature influence on the reaction rate was investigated in the temperature range [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] o C in C 6 D 6 . The rate constant was determined at four different temperatures (Table 5 ) and the overall activation parameters were determined using the logarithmic form of the Eyring equation:
The kinetic parameters obtained from the Eyring plot ( Figure 6 ) were ΔH # = 24 ± 3 kJmol should result in the formation of 5 and the release of H 2 S(g) (eq 4).
Kinetic calculations for the proposed mechanism were derived by assuming steady-state condition for species C and M. Although both species were not directly observed by spectroscopic means, its presence in a low concentration cannot be excluded as required by the steady-state approximation. The rate law obtained for this mechanism is presented in eq 5
and is in full agreement with the experimental second-order kinetic data.
[24]
Although several sets of k 1f , k 1r and k 2 values could account for the k obs at each temperature (eq 6), a kinetic analysis of this model using Berkeley-Madonna software allowed a rough estimation of the involved rate constants.
[25] [27] and [{Fe(SH)} 4 (µ 3 -S) 4 ], [28] that undergo condensation processes that lead to the formation of polycubane species. On the other hand, clusters having triply-bridging hydrosulfido ligands, µ 3 -SH, are rather scarce and only a few trinuclear complexes having the core M 3 (µ 3 -SH) 2 (M = Cu, Ag) have been structurally characterized. [29] Closely related species to C are the cubano clusters [{PtMe 3 } 4 (µ 3 -SH) 4 ] [30] and [{M(CO) 3 } 4 (µ 3 -SH) 4 ] (M = Mn, Re). [31] In agreement with these observations, the shortlived species C could have a more complex and less symmetric tetranuclear structure involving hydrosulfido ligands with different coordination modes. In addition, the equilibrium involving C (eq 2) also explains the interconversion of the trans and cis isomers of 4, which further support the participation of a cluster or polynuclear intermediate as C in the formation of 5 from 4.
The transformation of C into 5 only requires the proton transfer between two neighbouring hydrosulfido ligands to give a polynuclear species containing a weakly bonded hydrogen sulfide ligand. This species probably breaks down into the trinuclear hydrosulfido-sulfido [34] Finally, as far as the transformation of [Rh 3 (µ 3 -SH)(µ 3 -S)(CO) 3 (PPh 3 ) 3 ] into 5 is concerned, it is worth mentioning that the hydrogen migration from metal to sulfur, with a switch from hydride to proton character, respectively, has been proposed in the DFT study of the catalytic activity of sulfido-bridged molybdenum clusters in hydrogenolysis of alkyl halides. [35] 
Concluding Remarks
Mononuclear acetylacetonate rhodium(I) complexes are convenient precursors for the synthesis of bis(hydrosulfido)-bridged dinuclear rhodium(I) complexes using H 2 S(g) as hydrosulfido ligand source. following a standard least-squares procedure, a numerical assignment of the experimental frequencies was used. IR spectra were recorded in solution on a Perkin-Elmer Spectrum One spectrometer using a cell with NaCl windows. Molecular weights were determined with a Knauer osmometer using chloroform solutions of the complexes. Elemental C, H and N analysis were performed in a Perkin-Elmer 2400 CHNS/O microanalyzer. Mass spectra were recorded in a VG Autospec double-focusing mass spectrometer operating in the FAB + mode.
Ions were produced with the standard Cs + gun at ca. 30 Kv, 3-nitrobenzyl alcohol (NBA) was used as matrix. Electrospray mass spectra (ESI-MS) were recorded on a Bruker MicroTof-Q using sodium formate as reference. [Rh(acac){P(OPh) 3 } 2 )], [36] and [Rh(acac)(CO)(PR 3 )] (R = Ph, Cy) [37] were prepared according to literature methods. H 2 S(g) was obtained commercially and used without further purification. H 3.78, S 7.52; found: C 53.77, H 3.73, S 7.76 . [25] The model parameters were estimated by visual fitting of the simulated curves to the experimental data using the software package. Integration was performed using the fourthorder Runge-Kutta method.
Synthesis of [Rh(µ-SH)(CO)(PCy
Synthesis of [Rh
The activation parameters, ΔH # and ΔS # , were calculated from a linear least-squares fit of ln(k/T) vs 1/T (Eyring equation). The uncertainties in ΔH # and ΔS # were computed from the error propagation formulas derived from the Eyring equation by Girolami and co-workers. [38] The total uncertainty in the determination of k was assumed to be 5%. [39] The estimated uncertainty in the temperature measurements was 1K. Table 4 . Selected crystals were mounted on a Bruker SMART CCD three-circle diffractometer equipped with a graphite monochromator. In the case of 3, most of the crystals showed a twinned nature; eventually a tiny weakly diffracting and slightly twinned sample, was selected after several trials. Data collection was performed at low temperature (100(2) K) using Mo-Kα radiation (λ = 0.71073 Å). A semiempirical absorption correction was applied using SADABS program, as implemented in SAINT-PLUS package. [40] Both structures were solved by Patterson methods using the program SHELXS-97, completed by subsequent difference Fourier techniques, and refined by full matrix least-squares on F 2 with SHELXL-97. [41] All non-disordered non-hydrogen atoms were refined with anisotropic displacement 21 parameters. A static disorder was identified in the crystal structure of 1 affecting a phenyl group and was modelled with the splitting of three carbon atoms. In the case of 3, a toluene molecule was heavily disordered around a centre of symmetry; this was included in the refinement with an occupancy of 0.5. Hydrogens were included in both structures for all nondisordered carbon atoms from observed (1) or calculated (3) positions; in both cases a riding refinement was applied. In 3, the hydride position was calculated from a minimization of the potential electrostatic energy once the whole molecule was refined (HYDEX program). [42] CCDC-743620 (1) and CCDC-743621 (3) 
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